Abstract-The direct and indirect sample transfer techniques for measuring airborne inorganic fibres concentrations were studied by TEM for airborne rockwool fibres, chrysotile, amosite and tungsten oxide whiskers. The number and mass concentrations of fibres with aspect ratios >5, prepared by these two techniques for fibres longer than 0.5 um and 5 urn, and the aspect ratios were evaluated and compared. It was found that the indirect sample transfer technique affects the fibre size distribution of different materials differently, and that the mass concentrations did not relate to fibre number concentrations of ambient air, irrespective of the sample transfer method used or the materials studied. It is concluded that the direct sample transfer method incorporating the etching stage should be preferred over the indirect method. Moreover, a need for an extra stage in-between the etching and carbon coating stages for the direct sample transfer method is suggested; this would be a stage where soluble materials could be removed.
INTRODUCTION
Transmission electron microscopy (TEM) is considered to be the most specific and sensitive technique available for fibre analysis. A number of very extensive reports on airborne fibre level monitoring by TEM are available. These have been reviewed several times (Walton, 1982; Chatfield, 1984; Guillemin and Madelaine, 1989; Breysse, 1991; Spurny, 1994; and many more) . One of the main issues has been the proper description of health-related fibres concentrations. Airborne samples for fibre analysis by TEM are collected either on the depth-like filter, the Millipore, or on a membrane filter with smooth collection surface, the Nuclepore. The particles collected on the filter have to be transferred to carbon-coated grids. There are two different approaches to sample transfer; direct or indirect sample transfer techniques.
In the direct sample transfer method, the dust is transferred to TEM grids from the original sampling filter that has been collapsed and carbon coated by removing the filter medium with a solvent (Ortiz and Isom, 1974) . In a modified direct sample transfer method, the sampling filter is partially etched by oxygen plasma after it has been collapsed (Middleton and Jackson, 1982; Burdett and Rood, 1983) . This extracts the fibres immersed in the collapsed filter and at the same time the background organic dust components are effectively removed facilitating a clearer background. A one-to-one correspondence between the sample collected on the membrane filter and the electron microscope grid is assumed. 30 W. Sahle and I. Laszlo In the indirect method, the original filter (in part or as a whole) is completely removed by oxygen plasma (Selikoff et al., 1972) . This eliminates many other oxidizable airborne particles, commonly found in industrial operations. Water is added to the oxidation residue. This is agitated in an ultra-sonic bath to disperse the residue and the suspension is then refiltered through the smooth surface of the Nuclepore filter. Soluble materials are also effectively removed. The sample is then transferred to the electron microscope grids as in the direct method, after it has been coated with carbon film. The method is based on conservation of mass.
The fibre counting results of the direct and the indirect sample transfer methods are not comparable. Owing to the sample preparation technique used during the transfer of airborne fibrous dust to the TEM grids, different ways of expressing the fibre concentration are used. When the direct sample transfer method is used, the fibre concentration is expressed as fibres per ml of air. In the following this is called number concentration. In the indirect sample transfer method, the fibre concentration is expressed in ng per cubic meter of air, called hereafter mass concentration. The ngm" 3 values in the indirect sample transfer method are evaluated from measurement of the fibres length and diameter. Approximate volumes are calculated and using the fibre density the mass of the fibres is evaluated.
In a review of the literature on air measurements inside buildings with asbestoscontaining materials by Sebastien (1989) , the ability of the direct sample transfer method to properly measure environmental concentrations was seriously questioned. It was stated that the merits of the two types of sample transfer methods for largescale environmental surveys greatly favours the indirect method. Furthermore, problems encountered with the direct method were stated to be: the requirement of an optimal loading on the filter; a low rate of successful preparations; a masking effect produced by other particles and by texture of the filter; a substantial loss of fine fibres during the preparation; and the inability to positively measure the background of asbestos air pollution in urban settings. Contrary to this, Steen et al. (1983) , Dement (1990) and others suggested that owing to the break up of the airborne fibres into smaller units and drastic change of fibre size distribution, the use of the indirect sample transfer method for asbestos sampling should be discouraged and the more gentle direct transfer method should be used. The main objective of this work was, thus, to assess the direct and indirect sample transfer methods for fibre level estimation of a working environment for different materials.
MATERIALS AND METHODS
The aim of the study was to investigate similarities and differences as well as comparative advantages and disadvantages of the two sample transfer techniques upon different airborne fibrous materials. Therefore, airborne rockwool fibres, serpentine-and amphibole-asbestos and tungsten oxide whiskers were included in the study. The sampling and analysis of fibrous dust was intentionally done to compare the distribution of fibres and to understand the impact of direct and indirect sample transfer technique on the results of airborne fibre level monitoring by TEM. The rockwool and tungsten oxide samples were collected at single stationary sites in respective factories, using 20 and 16 filters. These were sampled specifically for this work, while samples available in the laboratory from earlier Airborne inorganic fibre level monitoring by TEM 31 measurements were used for asbestos analysis. Table 1 summarizes total number and type of sampling filters used in the study. Some comparisons are based on paired samples, whilst others are based on portions of the same filter since not all the asbestos samples had parallel samples. From 81 filters used in the study, 11 were prepared from a portion of a filter in the indirect sample transfer method. These are shown in parenthesis in Table 1 .
Airborne rockwool samples
A total of 20 airborne samples, in three sub-groups, was collected at a single stationary site at a rockwool production plant. The samples were sub-grouped by the amount of air passed through the filters, about 250, 450 and 700 1. of air and are called sub-groups 1, 2 and 3, respectively ( Table 1 ). The filters were 25 mm in diameter and both the Nuclepore and Millipore filters were used. The Millipore filters were of nominal pore size 0.8 um and the Nuclepore filters of 0.4 um pore size. A total of 12 Millipore and eight Nuclepore filters, for the same airborne fibre concentrations, were sampled.
One Millipore filter of sub-group 1 samples was prepared by the indirect method and the rest were prepared by the direct method. Part of one Millipore and one Nuclepore filter were also mounted for phase-contrast optical microscopy (PCOM) counting. Two Millipore filters of sub-group 2 samples were prepared by the indirect method and the remaining three filters were prepared by the direct method. One Nuclepore and two Millipore filters from sub-group 3 samples were prepared by the indirect method and the remaining filters were prepared by the direct method. Part of one Millipore and one Nuclepore filter were mounted for PCOM counting. 
Asbestos
Two types of asbestos samples, chrysotile and amosite, were studied. A total of 28 Millipore filters were studied for chrysotile. The chrysotile samples studied were from two different working environments. Samples from car brake lining production plant were binder free (referred hereafter as chrysotile I), while samples from an asbestos demolition working site contained particles and gypsum fibres (referred hereafter as chrysotile II). Both high and low airborne fibre concentration samples were included. Ten Millipore filters were from car brake lining production plant. Four of these filters, 37 mm in diameter, were cut into two equal parts and were prepared by the direct and the indirect sample transfer methods. Four filters, 25 mm in diameter, were prepared by the direct method and two filters, 25 mm in diameter, by the indirect method. The pair of samples represent the same airborne fibre concentrations, respectively. Eighteen chrysotile samples, on Millipore filters, were studied from samples collected during asbestos demolition work. Ten of these filters were prepared by the direct sample transfer method and eight filters were prepared by the indirect sample transfer method.
The amosite samples studied were some leftover filters from a comparative study of dust emission during dry and new-wet methods of asbestos demolition in a navy vessel (Krantz, 1989) . During the demolition of the amosite samples, water-based vinyl acetate polymer paints were used to improve the wetting properties. Seventeen filters were used. Eight filters were of Millipore and nine Nuclepore filters. Seven filters, five Nuclepore and two Millipore were prepared by the direct sample transfer method. Ten filters, six Millipore and four Nuclepore were prepared by the indirect sample transfer method. Three triple filters were also available in the comparison.
Tungsten oxide whiskers
A total of 16 filters, 12 Millipore filters and four Nuclepore filters was used. Sampling was carried out at one position, both on a daily basis (Monday-Friday) and as cumulative samples for the whole period. The sampling details were reported in a previous paper (Sahle et al., 1994) . The Nuclepore filters were of 0.2 urn pore size and 25 mm dia. The Millipore filters were 37 and 25 mm dia. The 37 mm dia. Millipore filters were quartered so that a quarter of a filter could be studied by PCOM. Quarters were prepared by the direct and the indirect sample transfer techniques. Side by side samples of the 25 mm dia. filters were prepared by the direct and the indirect sample transfer methods.
ANALYSIS
In the TEM analysis a field was defined by the 200-mesh copper grid openings. A minimum of two grids were prepared for a sample. The grids were observed in the TEM at a magnification of x 500 to check if the grids were intact and suitable for detailed study at higher magnifications. When found unsuitable, new grids were prepared. Selection of the grid openings as a field of counting were taken at random. Tightly bound bundles of fibres were counted as a single fibre and an estimate was made of their average length and width. Notation was made, in recording the data, that the fibre was a bundle.
The same analytical procedures were used to count and measure the fibre length and diameter for fibres longer than 0.5 um and 5 um for samples prepared by the direct or indirect sample transfer methods. Owing to a wide range of fibre concentrations used, it was found difficult to fix the total number of grid openings for the study. Therefore, 10-50 grid openings were studied. A minimum of 10 grid openings were studied for high fibre concentration samples and 50 grid openings for low fibre concentration samples. All fibres of diameter <3 um and aspect ratio >5 : 1 were studied. The maximum diameter of particles attached to a fibre included in the analysis was 5 um. Fibre mass was calculated using fibre density values of 2.8, 2.5, 3.0 and 7.8 g cm" 3 , for rockwool, chrysotile, amosite and tungsten oxide fibres, respectively.
A limited number of samples were counted by phase-contrast optical microscopy (PCOM). The PCOM fibre counting was conducted at about x 500 magnification, using the generally accepted asbestos counting procedure either in a 100 WaltonBeckett graticule area (Walton and Beckett, 1977) or until a total 100 fibres were counted over at least a 40 graticule area. The intention was for complementary clarifications, rather than comparison of PCOM and TEM fibre counting results.
The electron microscope used was a Jeol 2000-FX with a STEM attachment operated at 80 keV and equipped with a secondary electron detector. An on-line image analysis system, IBAS-2000, was used for fibre size measurement. Eucentric calibrations of two-, three-, four-, five-, eight-, 10-, 15-, 20-, 30-, 40-and 80 thousand magnifications were stored with the on-line image analysis system and these were used as required for fibre size measurements. Any of these magnifications were used for fibre counting and sizing for a field as defined by the 200-mesh grid openings. It was also possible to measure a fibre length at low magnifications and the diameter at high magnifications. Curved or straight fibres could be measured equally well. The LINK AN-10000 system was used for chemical composition analysis as needed.
RESULTS

Rockwool samples
The rockwool samples were the easiest samples to study. The fibre concentration was low and 50 grid openings were used. It was very simple to count and measure the fibres' lengths and diameters as both could be measured at the same magnification and there were no problems of fibre agglomerations. The background contrast was very good irrespective of either the filter type or the sample transform techniques used. The results in number and mass concentrations and median of aspect ratios for fibres longer than 0.5 and 5 um are summarized in Table 2 . The different amounts of air sampled through the filters did not show, as expected, any noticeable differences on the estimates of airborne fibre number concentrations. Two Nuclepore and two Millipore filters were counted by PCOM for fibre lengths >5 um with aspect ratio 5 : 1 or more. These were called regulated fibres; in addition only rockwool fibres were counted and these were called 'real' fibres. The fibre concentration values observed were 0.03 f ml"' for real fibres and 0.04 f ml"' for regulated fibres.
The average number concentrations for fibres longer than 5 um (from both the Nuclepore and Millipore filters) were 0.04 + 0.01 for those filters prepared by the direct sample transfer technique and 0.05 + 0.01 for those filters prepared by the indirect method. The tendency of higher number concentration for samples prepared by the indirect sample transfer method compared to those filters prepared by the direct sample transfer technique could be explained by a few observations of fibres that lay parallel and gave an impression of a single fibre in the TEM mode, but double fibres were observed by the secondary detector. These were observed very rarely and only on samples prepared by the direct method. In general, the number concentrations of the rockwool samples were practically independent of the type of microscope (TEM or PCOM), filter (Millipore or Nuclepore) or sample preparation techniques (direct or indirect) used. The overall number concentrations were within the range 0.04-0.06 f ml"
1 . A few thin rockwool fibres, probably not detectable in the PCOM, were also observed under the TEM studies. Nevertheless, such fibres were too few to affect the fibre level significantly. The number concentration for rockwool fibres longer than 0.5 |im were 0.05 + 0.01 and 0.07 + 0.04 for direct and indirect transferred samples, respectively.
The airborne fibre mass concentration for rockwool fibres was not dependent on sampling filter type or the sample transfer method, but only on the fibre thicknesses. Repeated evaluation of the same samples also showed differences in mass concentrations only. Another observation that should be remarked upon is the effect of the aspect ratio, defined as 5 : 1. Real rockwool fibres of length up to 12 urn were occasionally excluded from the fibre counting in TEM due to the necessity to meet the set aspect ratio criteria. Fibres that were excluded from the counts were, for instance, of lengths of 8.9, 7.9, 11.7 um with diameters of 2.2, 1.7 and 2.5 urn, respectively. The real fibres number concentration under TEM observations could have been of the order 0.09-0.11 f ml" 1 , if such fibres were also included.
The fibre size distribution was not affected by the sample transfer method used and in general the mean of the aspect ratio was around 25, while the median was around 12. Comparison of results for 10 grid openings and 50 grid openings did not change the variability of the aspect ratio, the number and the mass concentration in any significant manner. The mass concentration was very dependent on the size of particular fibres observed and the range of the mass concentration was 0.28-7.61 ng m~3.
Chrysotile samples
The chrysotile samples were chosen to represent a wide range of airborne fibre concentrations, although we were aware of the difficulties encountered in analysing chrysotile samples. The results of chrysotile samples, in general, and the samples from asbestos demolition work, in particular, were very difficult to generalize. Comparisons of the results between samples prepared by the direct and indirect sample transfer methods actually meant comparison of two essentially different samples, though the filters may be side-by-side or part of the same sampling filter. The results both in number and mass concentration were seldom similar. Our results also confirmed the generally held opinion that the direct and indirect transfer methods provide different estimates of airborne chrysotile concentration (Chesson and Hatfield, 1990; Howitt et al, 1993) .
Two approaches were chosen in the study of the chrysotile samples. The first approach was to compare the consistence in number concentration within the same sample transfer methods. The six 25 mm filters of chrysotile I (Table 1) were studied only in number concentrations. Filter pairs of the same airborne concentrations were prepared by the direct (four filters) and by the indirect (two filters) methods. The number concentration for fibres longer than 5 \im were reproducible only for the direct method. This probably implies that it is not only the direct and indirect transfer methods that give different number concentrations, but also the in-between samples prepared by the indirect method. These observations were also confirmed in those samples from the asbestos demolition sites.
The second and main approach was to study number and mass concentrations of the four 37 mm filters of chrysotile I (Table 1 ) and six pairs of chrysotile II samples prepared by the direct and by the indirect sample transfer techniques. This meant that not only the same sampling filter was studied, but in addition when a quarter of the 37 mm filters, when re-filtered on 25 mm filter, ought to balance the fibre density per grid openings (f mm"
2 ). The relation between direct and indirect transfer techniques in number and mass concentration values for fibres longer than 5 (im is shown in Fig. 1 (logarithmic scale) . It was found that not only the number concentration, but also the mass concentration, were not related. The mass concentration from portions prepared by the indirect sample transfer method were sometimes higher, lower or of the same order of magnitude as the portions prepared by the direct sample transfer method. The chrysotile II samples prepared with direct sample transfer method contained both chrysotile and gypsum fibres, while samples prepared by the indirect technique only had the chrysotile fibres. If a particle of more than 5 um in diameter is attached to fibres these were not included in the counting, no matter how thin and long the fibres might be. Nevertheless, under the indirect sample preparation technique, the particles could be detached from such fibres and thus the fibres were included in the counting results. Therefore, filters prepared by the indirect method and having fibre concentrations of 150-250 fibres per grid openings for fibres longer than 0.5 um, were recorded as fibre free or two to three fibres per grid openings in the direct method. Such data do not reflect the absence of fibres in the grid openings in the direct method, but these data were rejected as the set fibre criteria were not met. Comparison of such samples was found to be ambiguous and misleading.
Amosite samples
The amosite samples were much easier to count and the fibre dimensions easier to measure. Therefore, the mass concentration values were more reliable than for the chrysotile fibres. Some filters were heavily loaded, 20-30 fibres per grid openings for fibres >5 um, while others were fibre free in 10 grid openings. All the amosite samples were studied in 10 grid openings only. In contrast to chrysotile samples, for both sample transfer methods, fibre free filters were observed. The overall results of the amosite samples were basically similar to what has been said earlier about the rockwool samples.
One possible problem for the indirect sample transfer method is crosscontamination and/or fibre loss during the various stages in the sample transfer. This was found difficult to validate using fibre counting as different variables could play different roles. During examination of the samples prepared by both techniques, spherical particles of different diameters of the polymer, mentioned earlier, were detected. Therefore, it was found convenient to study other particles to see whether or not there is sample loss during sample transfer. Such particles were counted for two different size ranges and the number concentrations were found to be unaffected by the sample transfer methods. Nevertheless, this cannot guarantee that this will always be the case.
Uniformity of fibre deposition based on single field counts of 10 grid openings were compared for direct and indirect sample transfer methods for three pairs of filters. As may be expected, the indirect method showed slightly improved uniformity of fibre deposition on individual grid openings bases than for the direct method. The samples prepared by the direct method had a 19, 32 and 32% variability, whereas the samples prepared by the indirect method had a 6, 19 and 24%. From a practical point of view, however, these were compatible.
Tungsten oxide whiskers
The tungsten oxide whiskers were collected at one position using side by side filters, but at different times. The time variable gave different airborne fibre concentrations as measured by both the direct and indirect sample transfer methods. Filters with 37 mm dia. were prepared for optical microscopy counting as well and by both sample transfer methods. Some side by side filters, 25 mm in diameter, were prepared by the direct or indirect methods. The indirect method gave much higher values than the direct method for fibres longer than 0.5 um. With very few exceptions, the mass concentrations of samples prepared by the indirect method were lower than the samples prepared by the direct sample transfer method.
Eight filters were counted for fibre concentrations by optical microscope. While the size distribution analysis suggests that about 80% of the fibres are probably undetectable by the optical microscope, comparison of the fibre concentration in TEM and optical microscope did not show this difference. Furthermore, the fibre counting results of parallel filters prepared in the direct and in the indirect sample transfer methods gave, in general, three times more fibres for the indirect sample transfer, for fibres longer than 5 um, compared to the direct sample transfer method. Therefore, pre-selected fields of TEM grids prepared by direct and indirect sample transfer methods were counted first by the TEM for fibres longer than 5 um and the same grid openings were recounted by the optical microscope. A field by field counting record of the 10 grid openings is shown in Table 3 .
The total number of fibres in 10 grid openings for the filter prepared by the direct method were 42 in TEM and 16 in the optical microscope. In this particular case 62% of the fibres were below the resolution limit of the optical microscope. This corresponds to a fibre concentration of 0.04 and 0.02 f ml" 1 , respectively. In the filter prepared by the indirect method, 137 fibres longer than 5 um were counted by TEM within 10 grid openings. In optical microscope counting of the same grid openings 44 fibres could be detected. Sixty-eight per cent of the fibres were below the detection limit of the optical microscope. This gives a fibre concentration of 0.12 and 0.05 f ml" 1 , respectively. The number concentration given the optical microscope of the sample prepared by the indirect method was almost equal to the number concentration of the TEM counting of the direct transferred method.
Comprehensive comparison
The overall observations of this study could be summarized, as presented in Tables 4-6. Table 4 represents individual filter-pairs prepared by the two techniques, and Tables 5 and 6 summarize the overall results for all niters studied. The mass concentration is very much dependent on the nature of material to be studied. The sample transfer methods have no effect on rockwool samples, but it shortens chrysotile fibres while the effect on tungsten oxide is on the fibre diameter, thereby significantly modifying the aspect ratio. In the direct transfer method (Table 4) , chrysotile gave mean aspect ratios of 74.8 and 190.6 for fibres longer than 0.5 and 5 um, respectively. The mean mass per fibre was 0.006 and 0.02 ng, respectively. The corresponding values for indirect transferred were 32.7 and 88.45 for the aspect ratio. The mean fibre mass gave 0.005 and 0.05 ng, receptively. When a single fibre, rather a bundle, of chrysotile was deleted from the calculation in the filter prepared by the indirect sample transfer method for fibres longer than 5 |im (Table 4 , values in parentheses), the mean aspect ratio changed from 88.45 to 90.7, while the mean fibre mass changed from 0.05 to 0.0007 ng.
A sample prepared for tungsten oxide whiskers analysis by the direct transfer method (Table 4) gave mean aspect ratios of 14.1 and 24.98 for fibres longer than 0.5 and 5 um, respectively. The mean fibre mass was 0.0004 and 0.005 ng for fibres longer than 0.5 and 5 um, respectively. The sample prepared by the indirect transfer method gave mean aspect ratios of 13.6 and 58.8 for fibres longer than 0.5 and 5 um, respectively. The mean mass per fibre was 0.0002 and 0.003 ng for fibres longer than 0.5 and 5 um, respectively. The mean aspect ratios for rockwool sample prepared by the direct and indirect methods was 26.47, 27.6, 28.5 and 27.57 for fibres longer than 0.5 and 5 um, respectively. The corresponding mean mass per fibre was 0.045, 0.054, 0.05 and 0.05 ng.
Airborne inorganic fibre level monitoring by TEM Table 5 illustrates the overall correlation analysis of direct and indirect sample transfer techniques in number and mass concentrations for fibres longer than 5 and 0.5 pm. Although the number concentrations are changed by the indirect method, the correlation analysis indicates that number concentration is better correlated inbetween the sample transfer methods than mass concentrations, in spite of disintegration of fibres by the indirect method. In other words, the rockwool and amosite samples do influence the correlation of number concentrations positively. The overall results emphasize the unpredictability of the mass concentrations relation to fibre level. The mean and median values of mass per fibre and the aspect ratios for the different materials are illustrated in Table 6 . DISCUSSION The problem of fibre analysis in the environment is a complex one. The diversity of filter preparation techniques and the lack of uniform criteria for fibre counting in a TEM have made comparisons to data derived from other studies an almost impossible challenge (Guillemin and Madelaine, 1989) . Moreover, quantification of airborne inorganic fibres refers not only to the determination of number concentration in dust samples but also to mass concentrations (Pooley and Clark, 1979) . This study indicates, though, that mass concentrations could be less significant.
The first results published on the determination of asbestos fibres in ambient air by TEM were expressed in mass concentrations (Selikoff et al., 1972; Rickards, 1973; Sebastien et al., 1976) . The indirect transfer methods were initially selected as the direct transfer methods had not yet been adequately developed. The process of sample preparation by the indirect method caused agglomerated particles to be broken into ultimate fibrils. In addition to breaking down large particles and fibrils, homogenizing by the ultrasonic treatment was considered an essential requirement for a reliable quantitative estimation (Rickards, 1973) . Likewise grinding was suggested as an alternative to ultrasonic disruption as precision of the mass analysis is controlled by the large fibres (Nicholson et al., 1975) .
Number concentration is widely used as an index for occupational hygiene control and for the dose-response relationship. Carcinogenic potential of fibres as a function of diameter and length dictates that long but thin fibres to be very harmful (Pott, 1978; Stanton and Layard, 1978) . The higher carcinogenic potency a fibre has, the lower is the fibre's mass. Figure 3 shows a tentative relation between aspect ratio to respirable fibre mass calculated for fibres of various sizes. As shown, very thin and long fibres have a high aspect ratio but very low mass; very thick and short fibres have a low aspect ratio but these are of high mass. Therefore, mass concentration is unlikely to relate to any carcinogenic potential of fibres. In the public environment many asbestos measurements have been reported in terms of mass concentration. However, there is no definitive relationship between asbestos mass and number Aspect ratio concentration (Howitt et al., 1993) . Furthermore, in spite of numerous trials to find count-to-mass conversion factors (Bruckman and Rubino, 1975; Steen et al., 1983; Puledda and Marconi, 1991) , these efforts have not been successful. The need for accurate estimates of fibre number concentrations, measurements of fibres dimensions and identification of the fibres counted cannot be overemphasized. A number of reports on comparison of sample preparation techniques for airborne fibre analysis by TEM are available (Steel and Small, 1985; Pang et al., 1984; Finn et al., 1984, Burdett and Rood 1983; Sebastien, 1989; Spurny, 1994; and others) . Hwang and Wang (1983) found the mean of total fibre concentrations by the indirect method to be 15.5 times the mean obtained by the direct method. Chesson and Hatfield (1990) presented an extensive comparisons of results in number concentrations between the direct and indirect sample transfer methods. It had been shown that measurements made by the indirect transfer method give 3.8-1700 times higher results than measurements made by the direct transfer method in number concentration. Concentrations measured by the indirect transfer method were always greater than those measured by the direct transfer method. The result holds for total number concentrations, i.e. fibre, bundles, clusters and matrices. Chrysotile fibres detected using the indirect transfer method tended to be shorter and thinner than those detected by the direct transfer method. They found no single factor that could be applied to convert measurements made using an indirect transfer method to a value that is comparable with measurements made using direct transfer method. The breakdown of large structures during the aching, sonification and re-suspension steps of the indirect sample transfer method is assumed to be the main explanation for such differences (Burdett et al., 1984) .
Sample preparation techniques of asbestos samples for TEM analysis utilizing a chrysotile suspension of known mass concentration was studied by Burdett and Rood (1983) and Finn et al. (1984) . Asbestos recovery on the basis of number and mass concentration and fibre vs fibril basis was evaluated. Poor analytical precision was obtained for the mass concentration due to unequal distribution of fibre mass in a small number of relatively large fibres. All these observations are confirmed in our study. The advantages of the mass concentration measurements associated with the indirect sample transfer method is, thus, disputed.
As was illustrated in Table 4 , a single, somewhat thick, fibre could make a dramatic change on the overall mass concentration of the fibre level, this is especially true when most of the fibres are thin fibres, whereas the consequence of a single fibre on the number concentration is very limited. The mass concentration irrespective of the sample transfer method used or the sample type analysed has very little information on the fibre level. This was true even for the rockwool samples that were easier to handle both with respect to the sample transfer and the analysis method, i.e. PCOM or TEM. The study of Burdett and Rood (1983) had shown clearly how the precision of the mass concentration is controlled by the larger fibres. Even with chrysotile fibrils a +33% variation of the mass concentration was shown to be controlled by 4% of the fibres, and a single amosite fibre could account for nearly half of the measured mass.
In urban environments most of the urban particulate are organic in nature. Removing this component, by the indirect method, allows us to concentrate better on the analytical efforts in the inorganic phase which includes asbestos fibres (Sebastien, 1989) . However, the modified direct transfer method with the etching stage (Burdett and Rood, 1983) provides this without modifying the airborne fibres size distributions. The indirect sample transfer technique tends not only to break up fibre bundles and agglomerates but also gives a measure of the total mass of airborne asbestos, whereas a direct transfer measures only the respirable fibres. The direct method can also, in principle, be used to study the overall fibre concentration, if and when there is a need.
Since the splitting of fibres cannot be ruled out during the indirect sample transfer, the mass concentration technique may seem a logical answer at first sight. However, there are two very important objections that should be considered. First, such values cannot be directly translated in a logical way to fibrous dust health effects. The mass concentration has no correlation with the true fibre level that are of interest with respect to health hazard. Second, the same fibre number concentration for the same material can give a very different mass concentration depending on the fibre diameter. Owing to sample manipulation in the indirect method not only changes of fibre morphology, as a result of the splitting of bundles or shortening of longer fibres, occur but also (owing to the various stages involved in the indirect method) cross contamination and/or fibre loss cannot be ruled out. Furthermore, the not least important disadvantage of the indirect method is that the whole, a half or a quarter of the sampling filter can be used. This may seem an advantage in first sight. However, since any proportion of the sample may be used, the sensitivity of the results is changed in an uncontrolled manner.
In comparisons such as ours, the results obtained are not only sample transfer method dependent. Samples from a factory air without binding material show very different relations compared with the same type of samples from other sites where gypsum and binding material were present. In such samples, the fibres may have particles attached to them, owing to overlap or binding material becoming attached. If the particles have diameters more than 5 \im, the fibres should not be included in the counting because of the non-respirability criteria. During the indirect sample transfer method, after the sample has been dispersed by ultrasonic bath, such fibres may be included in fibre counting if the fibre diameter is below 3 urn. Therefore, the indirect sample transfer measures the total mass of airborne fibres, whereas a direct sample transfer measures only the respirable fibres. This leads to an obvious misinterpretation of the situation. In spite of all the problems, TEM is the only method that can give fairly reliable results, but it still needs to have improved standardization. One of the advantages of the indirect transfer is the dissolution of the gypsum fibres often present in outdoor samples. Therefore, it is important to incorporate this with the direct method.
In conclusion, the direct sample transfer method incorporating the etching stage as presented by Middleton and Jackson (1982) and by Burdett and Rood (1983) should be a preferred way of fibre level monitoring in the work environment. However, as discussed earlier, the gypsum and other soluble components of the dust can hinder a good and reproducible fibre level analysis by the direct method. Therefore, the technique needs a modification to incorporate an extra stage in between the etching and carbon coating stages, a stage where soluble materials could be removed.
